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HIGHLIGHTS 


►  The  presence  of  O2  influences  the  composition  of  the  SEI  on  Li  of  the  Li— O2  battery. 

►  The  SEI  on  Li  anode  of  the  Li— O2  battery  is  unstable  and  changes  during  the  cycling. 

►  LiPF6  and  PC  decompose  on  the  surface  of  the  Li  and  contribute  in  formation  of  the  SEI. 

►  Decomposed  Kynar  binder  (degraded  on  the  cathode)  was  observed  on  the  surface  of  Li. 

►  Oxygen  increases  the  resistance  of  the  cells  and  influences  the  lithium  stripping  and  plating. 
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The  SEI  layer  formed  on  metallic  Li  which  has  been  used  as  an  anode  in  a  Li-02  battery  is  studied  for  the 
first  time.  We  have  used  XPS  to  monitor  the  surface  composition  of  the  lithium  electrode  and  have 
identified  the  various  chemical  species  present.  The  XPS  results  indicated  that  the  composition  of  the  SEI 
layer  is  affected  by  the  presence  of  oxygen  and  is  unstable  during  cycling.  We  also  observed  decom¬ 
position  products  from  the  binder  material  used  in  the  cathode  on  the  surface  of  the  lithium  anode.  This 
new  SEI  layer  has  an  increased  resistance  affecting  the  lithium  deposition  which  is  essential  for  battery 
operation. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  demand  for  more  advanced  energy  storage  systems  has 
grown  in  recent  years  and  it  is  driven  by  the  need  for  new  elec¬ 
trified  automotives.  The  lithium-oxygen  battery  is  one  candidate 
which  could  fulfil  this  increased  demand  due  to  the  step  change 
increase  in  specific  energy  it  could  potentially  provide.  However, 
several  obstacles  have  now  also  become  clear  that  hamper  further 
progress  [1],  During  cycling  of  U-O2  batteries  in  non-aqueous 
electrolytes  the  oxygen  reduction  and  oxidation  evolution  reac¬ 
tions  (ORR  and  OER)  take  place  in  the  pores  of  the  carbon  cathode 
during  the  discharge  and  charge  respectively  [2],  It  has  been  shown 
that  the  ORR  and  OER  result  in  the  breakdown  of  not  only  the 
carbonate  and  ether  based  electrolytes  [3-7]  but  also  the  salts  such 
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as  LiPF6,  LiB(CN)4,  and  LiBOB  [6-8],  We  have  recently  shown  that 
the  Kynar  binder  used  for  keeping  the  carbon  cathode  together  also 
decomposes  during  the  cycling  of  the  Li— O2  battery  [7], 

The  mentioned  studies  [3-8]  have  focused  solely  on  the 
degradation  reactions  occurring  at  the  cathode  of  the  battery  with 
very  little  attention  being  placed  on  the  stability  of  the  Li  anode  or 
electrolytes  in  contact  with  Li  anode  in  an  oxygen  atmosphere.  Li 
metal  is  highly  reactive,  and  in  contact  with  non-aqueous  liquids  it 
is  immediately  covered  by  a  passivation  layer  known  as  a  solid 
electrolyte  interphase  (SEI)  [9],  The  SEI  in  alkyl  carbonate  based 
electrolytes  has  been  widely  attributed  to  the  formation  of  lithium 
alkyl  carbonate  compounds  (ROCChLi)  and  reduced  electrolyte  salts 
[10,11  ].  It  has  been  shown  that  the  thickness  and  the  mass  of  the  SEI 
on  Li  grows  during  cycling  [12,13],  The  chemistry  and  morphology 
has  also  been  studied  in  the  presence  of  trace  amount  of  O2  and  H2O 
in  the  electrolyte  [14,15],  To  the  best  of  our  knowledge  all  previous 
studies  [10—16]  of  the  SEI  have  focused  on  Li-ion  batteries  in  a  non¬ 
oxygen  atmosphere. 
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In  this  short  communication  we  seek  to  discuss  for  the  first  time 
the  surface  layer  on  the  Li  anode  in  a  Li— O2  cell  and  highlight  the 
possible  effects  on  the  lithium  deposition  and  stripping  reaction. 
Here  we  present  a  detailed  surface  characterization  of  the  Li  anode 
used  in  Li— O2  cells  that  have  been  cycled  in  1  atm  of  dry  oxygen 
with  a  1  M  LiPFg  in  PC  electrolyte.  This  was  performed  using  X-ray 
photoelectron  spectroscopy  (XPS)  on  anodes  removed  from  Li— O2 
batteries,  after  a  single  discharge,  a  single  discharge  followed  by 
a  single  charged,  and  from  a  battery  which  had  been  stored.  We  also 
examined  the  deposition  and  stripping  of  Li  on  copper  using  cyclic 
voltammetry  (CV)  in  cells  kept  in  an  oxygen  or  argon  atmosphere. 

2.  Experimental 

The  Li— O2  cells  were  assembled  in  an  Argon  filled  glove  box 
using  the  Swagelok  design  with  the  following  components;  lithium 
foil  as  anode,  1  M  LiPF6  in  PC  as  the  electrolyte,  Solupor  separator, 
and  porous  cathodes.  The  porous  cathodes  were  made  by  mixing 
Super  P  carbon  (Lithium  battery  grade,  Erachem  Comilog)  with  a- 
MnC>2  nanowire  catalyst  and  Kynar  2801  (Arkema)  binder  using 
propylene  carbonate  (PC)  (Ferro,  Purolyte)  and  acetone  as  plasti¬ 
cizer  and  solvent.  The  weight  ratio  of  carbon:catalyst:binder:PC 
was  equal  to  11:19:15:55,  and  the  weight  ratio  of  acetone: carbon 
was  equal  to  60-70  to  1.  The  a-MnC>2  nanowire  catalyst  was 
synthesized  as  described  in  reference  [17],  The  slurries  were  kept 
under  magnetic  stirring  for  about  4  h  and  then  cast  into  an 
aluminium  mesh.  The  cathodes  were  dried  at  120  °C  overnight  in 
a  vacuum  furnace  within  an  argon  filled  glove  box  before  using  in 
batteries.  The  Swagelok™  design  was  modified  such  that  an 
opening  allowed  oxygen  to  access  through  the  cathode.  The  cells 
were  kept  in  home-made  air-tight  containers  with  inlet  and  outlet 
valves  for  oxygen  gas  purging.  The  containers  were  filled  with 
a  continuous  flow  of  dry  oxygen  for  about  2  h  before  starting 
discharge.  A  current  density  of  70  mA  g-1  (gram  of  carbon  in  the 
cathode)  was  applied  using  a  Digatron  BTS-600  with  lower  and 
higher  cut-off  voltages  of  2.6  and  3.9  V  vs.  Li,  respectively.  The  three 
batteries  were  then  exposed  to  the  following  conditions:  “Stored”: 
kept  in  oxygen  atmosphere  for  2  days;  “Discharged”:  first  discharge 
to  2.6  V;  “Charged”:  from  freshly  constructed  discharged  to  2.6  V 
and  then  charged  to  3.9  V  in  constituting  a  single  cycle.  The  current 
density  of  70  mA  g-1  was  equal  to  ~  0.025  mA  cm-2  (area  of  the 
carbon  electrode)  for  the  “discharged”  and  “charged”  cells, 
respectively.  The  discharge  capacities  of  the  cells  were 
~  1.4  mAh  cm-2.  The  batteries  were  dismantled  in  an  argon  filled 
glove  box  and  then,  the  Li  anode  was  washed  with  a  few  drops  of 
DMC  prior  to  XPS  characterization  according  to  established 
procedures  [18-20],  The  effect  of  the  washing  procedure  on  the 
sample  is  still  an  open  question  for  the  experts  in  the  XPS  field. 
However,  the  general  belief  is  that  when  an  electrode  is  washed  the 
XPS  spectra  originate  from  the  SEI  rather  than  from  remaining  salt 
and  electrolyte  solvent  on  the  sample.  Our  several  years’  experience 
in  XPS  measurements  indicates  that  results  from  the  washed 
samples  are  usually  more  reproducible.  This  procedure  is  also 
commonly  used  also  by  other  groups  [18—20], 

To  avoid  contact  with  air  the  Li  anodes  were  transferred  from 
the  glove  box  to  the  XPS  analysis  chamber  within  15  min  using 
a  special  built  air-tight  argon  filled  chamber.  The  XPS  measure¬ 
ments  were  performed  on  a  commercial  PHI  5500  spectrometer, 
using  monochromatized  Al  Ka  radiation  (1487  eV)  and  an  electron 
emission  angle  of  45°.  The  dimensions  of  the  probed  region  were 
approximately  2x4  mm.  All  spectra  were  energy  calibrated  by  the 
hydrocarbon  peak  at  the  binding  energy  of  285.0  eV. 

Electrochemical  deposition  and  stripping  of  lithium  was  inves¬ 
tigated  in  2  identical  Swagelok  cells,  however,  the  porous  cathode 
was  replaced  by  a  copper  grid  (200  mesh).  The  cells  were  then 


sealed  in  an  argon  atmosphere  or  stored  under  a  continuous  flow  of 
dry  oxygen.  The  cells  were  kept  for  14  h  before  any  electrochemical 
measurement.  Electrochemical  impedance  spectroscopy  was  then 
performed  using  a  Bio-Logic  SP240  instrument  in  frequency  range 
was  from  100  kHz  to  0.1  Hz  and  the  amplitude  was  20  mV  p— p.  This 
was  followed  by  cyclic  voltammetry  from  open  circuit  voltage 
( ~3  V  vs.  Li/Li+)  to  -0.5  V  followed  by  10  cycles  in  the  range  -0.5  V 
to  1  V  at  scan  rate  of  100  mV  s-1. 


3.  Results  and  discussion 

Our  interest  in  the  Li  anode— electrolyte  interface  was  initiated 
when  we  visually  observed  a  black  layer  on  the  Li  surface  after 
disassembling  several  cycled  Li-02  cells.  This  black  layer  appeared 
to  become  thicker  during  battery  cycling  and  was  unlike  anything 
we  had  observed  on  the  Li  anodes  of  Li-ion  batteries  which  had 
been  cycled  with  similar  current  densities  in  the  absence  of  O2.  In 
the  following  study  we  investigated  the  surface  composition  of  this 
layer  in  presence  of  O2. 

The  XPS  survey  scan  (Fig.  1)  of  the  surface  of  the  stored,  dis¬ 
charged  and  charged  Li  anodes  showed  the  presence  of  only  ex¬ 
pected  elements,  i.e.  C,  O,  Li,  F,  and  P.  This  shows  that  no 
contaminants  are  present  on  the  sample,  and  especially  the  lack  of 
N  Is  signal  confirms  that  no  air  exposures  of  the  samples  occurred 
prior  to  XPS  measurements,  i.e.  during  the  cycling  or  XPS  prepa¬ 
ration.  The  survey  scan  shows  the  variation  in  relative  surface 
concentrations  of  each  element  between  the  three  samples,  and 
these  are  also  summarized  in  Table  1.  The  Li  surface  of  the  stored 
sample  in  oxygen  atmosphere  shows  much  larger  concentrations  of 
carbon  and  oxygen  than  previously  reported  for  Li  stored  in  the 
absence  of  oxygen  (a  detailed  comparison  is  given  in  Table  2  [11]). 
The  second  column  in  Table  2  shows  the  relative  element  surface 
composition  of  the  stored  samples  (the  Li  anode  of  a  Li-02  battery 
kept  under  oxygen  atmosphere  for  2  days),  estimated  using  XPS 
assuming  a  uniform  distribution  of  elements.  The  third  column  in 
Table  2  shows  the  relative  element  surface  composition  of  Li  metals 
immersed  in  1  M  LiPF6  in  PC  electrolyte  in  an  oxygen  free  atmo¬ 
sphere  obtained  from  a  publication  by  D.  Aurbach  et  al.  [11  ].  We  can 
conclude  that  the  relative  amounts  C  and  O  are  higher  in  the  Li— O2 
sample  rather  than  in  the  O2  free  sample,  while  the  relative  amount 
of  Li  and  F  is  reduced  in  the  presence  of  oxygen.  This  suggests  that 


Binding  energy/  eV 


Fig.  1.  Survey  scan  of  Li  anodes  of  the  stored,  discharged,  and  charged  U-O2  cells 
containing  1  M  LiPF6  in  PC. 
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Table  1 

The  relative  element  surface  composition  (at  X)  of  the  stored,  discharged,  and 
charged  samples,  estimated  using  XPS  assuming  a  uniform  distribution  of  elements. 


Element  Stored  Discharged  Charged 


C  41  45 

O  34  22 

Li  17  13 

F  7  16 

P  1  3.3 


different  products  are  formed  on  the  surface  of  Li  in  the  cell 
exposed  to  oxygen.  This  result  should  be  anticipated  when  one 
considers  the  complex  reactions  (electrolyte  breakdown)  that  occur 
during  SEI  formation  on  the  surface  and  the  high  reactivity  of 
oxygen  and  reduced  oxygen  species  which  will  also  be  present.  The 
higher  amount  of  C  present  in  the  SEI  layer  seen  in  the  oxygen  cell 
compared  to  that  in  the  non-oxygen  cell  suggests  an  increase  in 
electrolyte  breakdown  products  possibly  resulting  from  reactions 
with  or  catalysed  by  the  presence  of  oxygen. 

After  discharge  and  charge  the  surface  composition  (compared 
with  stored)  changes  significantly  with  a  reduction  in  the  amount 
of  Li  and  O  (to  similar  concentrations  in  both  cases)  and  an  increase 
in  the  relative  amounts  of  F  and  P.  However,  the  relative  amount  of 
C  in  the  surface  layer  increases  from  the  discharged  to  the  charged 
sample  while  the  relative  amounts  of  F  and  P  decreases. 

To  quantitatively  examine  the  chemical  environments  observed 
in  this  layer  we  de-convolved  the  high-resolution  spectra.  The 
results  of  this  analysis  together  with  the  assignments  of  each  peak 
for  the  surface  layer  in  the  stored,  discharged  and  charged  batteries 
are  shown  in  Fig.  2.  In  Fig.  2  the  same  numbers  of  peaks  at  the  same 
binding  energies  irrespective  of  the  sample  are  visible  in  the  C  Is,  0 
Is  and  Li  Is  spectra.  However,  the  intensity  ratios  of  the  peaks  vary 
between  the  samples  indicating  a  change  in  the  relative  surface 
concentration  of  the  different  compounds. 

The  binding  energy  positions  of  the  de-convolved  peaks  and  the 
relative  amount  of  compounds  are  presented  in  Table  3.  The  peaks 
are  assigned  according  to  references  [18-21],  The  four  peaks  in  the 
C  Is  spectra  indicate  the  presence  of  four  different  carbon  bonding 
environments  in  the  SEI  layer  of  the  stored  sample  (Fig.  2).  The 
analysis  shows  almost  similar  amounts  of  ether  and  carbonate 
(11:8.6)  suggesting  the  presence  of  lithium  alkyl  carbonates 
(R0C02Li).  The  discharged  sample  showed  a  decrease  in  the  relative 
surface  concentration  of  carbonates  compared  to  that  in  the  stored 
sample  (C  Is  spectra  in  Fig.  2).  After  charging  the  relative  surface 
concentration  of  carbonates  increased  somewhat  in  the  SEI  layer 
whilst  the  ratio  of  carbonates  to  the  ester/carboxylate  species 
decreased  indicating  significant  increase  in  the  amount  of  ester / 
carboxylate  species  (Interestingly,  this  surface  layer  compositions  is 
similar  to  which  we  have  observed  on  the  cathode  of  the  dis¬ 
charged  battery  [6]).  We  also  observed  ether  compounds  that  are 
not  resulting  from  lithium  alkyl  carbonates  (at  least  11%— 
8.6%  =  2.4%  for  the  stored,  5.4%  for  the  discharged,  and  4%  for  the 
charged  samples).  These  are  assigned  to  the  proposed 


The  relative  surface  compositions  (at  %)  of  Li  metal  kept  in  contact  with  1  M  LiPF6  in 
PC  electrolyte  in  an  02  atmosphere  or  in  an  02  free  atmosphere. 


1  Obtained  from  reference  [11], 


decomposition  products  of  carbonate  based  solvents  and  formation 
of  poly( ethylene  oxide)  (PEO)-type  or  ROLi  compounds  [22],  The 
changes  in  the  relative  amount  of  these  ether  compounds  and  also 
the  changes  in  the  relative  amount  of  hydrocarbons  accounts  for 
the  changes  which  are  seen  in  the  surface  concentration  of  carbon. 

The  0  Is  spectra  of  all  the  samples  show  two  peaks  at  the 
binding  energies  of  532  and  533.5  eV.  These  two  peaks  represent 
carbonate/ester  and  ether  compounds  respectively.  The  O  Is 
spectra  support  the  finding  in  the  Cls  spectra  that  the  relative 
amount  of  carbonate/ester  compounds  together  decreases 
compared  to  the  relative  amount  of  ether  compounds  from  the 
stored  to  the  discharged  sample. 

The  F  compounds  found  in  the  SEI  layer  of  the  stored  sample 
were  assigned  to  two  types  present  in  almost  equal  amounts  (3% 
(LiF)  +  4%  (LiPFg)  =  7%  (F)).  The  LiF  peak  originates  from  decom¬ 
position  of  the  LiPF6  salt  [11,19],  This  breakdown  is  verified  from  the 
P  2p  spectra  of  the  stored  sample,  which  also  shows  two  (spin-orbit 
split)  peaks  from  P-F  in  LiPF6  and  P—O  from  decomposed  LiPF6. 
Whilst  some  of  the  LiPF6  salt  is  decomposed,  an  almost  equal 
amount  is  also  trapped  in  the  SEI  layer.  The  relative  surface 
concentration  of  P  to  F  in  the  form  of  LiPF6  (0.7:4)  matches  the  ratio 
between  P  and  F  in  the  LiPF6  molecule  structure  (1:6).  Therefore,  F 
and  P  are  present  as  both  LiPFg  salt  and  decomposition  products  of 
the  salt  in  the  SEI  of  the  stored  Li. 

After  one  discharge,  the  Li— F  and  P—O  peaks  almost  disappear 
while  the  relative  intensity  of  the  LiPFg  peak  increases  in  both  FIs 
and  P  2p  spectra.  This  indicates  that  observed  P  and  F  species  in  the 
SEI  layer  for  the  discharged  sample  are  from  trapped  rather  than 
decomposed  salt.  We  can  also  notice  that  the  relative  amounts  of  F 
and  P  on  the  surface  of  the  sample  increase  (129%  and  230% 
respectively).  When  we  look  at  the  charged  sample  we  notice  that 
again  only  LiPFg  is  present,  however,  the  relative  percentage  of  F 
and  P  (compared  to  the  discharged)  decreases  by  19%  and  45% 
respectively  and  the  carbon  contribution  increases  by  11%.  This 
suggests  that  while  after  charge  the  observed  species  in  the  surface 
layer  are  similar  as  for  the  discharged  a  change  in  the  abundance  is 
observed.  This  combined  with  the  changes  seen  in  the  C  spectra 
suggests  that  the  composition  of  the  SEI  layer  changes  as  a  function 
of  the  state  of  charge. 

The  FIs  spectrum  for  the  charged  sample  surface  shows  another 
interesting  feature  which  is  a  peak  at  688  eV.  This  peak  is  absent  in 
both  the  stored  and  discharged  samples.  The  binding  energy  of  this 
peak  matches  the  binding  energy  of  a  C-F  bond.  It  could  be  sug¬ 
gested  that  HF  produced  by  hydrolyse  of  PF6“,  reacts  with  the 
solvent,  and  consequently  forms  a  CFX  containing  compound  [23], 
However,  the  C-F  bond  peak  appeared  only  in  the  charged  sample 
not  in  the  stored  or  discharged  samples.  We  also  see  a  similar  high 
binding  energy  F  Is  peak  in  the  cathode  in  the  discharge  state  [6]. 
Therefore,  we  believe  that  this  high  binding  energy  FIs  peak  in  the 
anode  originates  from  a  break-down  of  the  Kynar  binder  and  that 
the  degradation  products  have  been  transported  to  the  Li  anode.  A 
small  peak  at  293.8  eV  in  the  C  Is  spectra  of  the  charged  sample 
confirms  formation  of  CF3.  In  addition,  we  have  observed  similar 
behaviour  (not  presented  in  this  study)  from  Kynar  in  Li— O2  cells 
with  a  non-fluorinated  salt,  LiC104.  Although  it  is  known  that  Kynar 
binder  decomposes  on  the  cathode  of  a  Li-02  battery  forming  LiF 
[7],  it  is  a  surprise  to  find  it  on  the  anode.  It  has  been  suggested  that 
Kynar  degrades  to  LiF  through  dehydrofluorination  of  PVDF  by 
lithium  superoxide  (Li02)  [24],  However,  in  this  study  we  show  that 
the  Kynar  binder  component  (— CF3)  is  present  in  the  SEI  on  the  Li 
anode  after  charging  the  battery.  Since  this  species  is  not  found  in 
any  other  component  within  the  battery  this  implies  that  structure 
of  the  binder  must  have  been  unstable  within  the  system.  The 
chemical  bonds  in  the  binder  have  been  broken  and  degradation 
products  have  been  formed  which  are  soluble  or  mobile  fragments 
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Fig.  2.  F 1  s,  0 1  s,  C  Is,  P  2p  and  Li  1  s  spectra  of  Li  anode  of  the  stored  (top),  discharged  (middle)  and  charged  (bottom),  respectively,  Li-02  batteries  using  1 M  LiPF6  in  PC  as  the  electrolyte. 
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Table  3 

A  summary  of  XPS  peaks  assignments  for  the  stored,  discharged,  and  charged  Li 
anode  samples  of  Li-02  cells  (Fig.  2). 


£B/eV 

Assignments 

Concentrati 

sample 

Discharged 

sample 

.ce  layer/at  % 

Charged 

sample 

Cls1 

285 

Hydrocarbons 

19 

26 

30 

C  Is2 

286.8 

Ethers/alkoxides 

11 

11 

10 

Cls3 

289.1 

Esters/ 

carboxylates 

2.3 

2.1 

4 

Cls4 

290.3 

Carbonates 

8.6 

5.6 

6 

Cls5 

293.8 

cf3 

- 

- 

0.3 

O  Is1 

532 

carboxylates/ 

carbonates 

24 

13 

15 

O  Is2 

533.5 

Ethers/alkoxides 

10 

8.8 

7.6 

FIs1 

684.8 

LiF 

3 

0.8 

— 

FIs2 

686.8 

LiPF6/LixP0yF2 

4 

15 

9.1 

688.1 

C-F 

— 

— 

3.9 

P2p’ 

134.4 

Phosphates 

0.3 

0.2 

- 

P2p2 

137.1 

LiPF6 

0.7 

3.1 

1.8 

55.6-56.1 

17 

13 

12 

and  are  transferred  to  the  Li  anode.  Due  to  the  large  pores  in  the 
separator  there  is  enough  space  for  these  fragments  or  dissolved 
species  to  pass  through  to  the  anode  side.  These  results  highlight 
that  binder  stability  is  key  in  the  operation  of  the  Li— O2  battery 
since  if  unstable  it  can  not  only  influence  the  cathode  performance 
[25]  but  also  the  SE1  formed  on  the  Li  anode. 

The  Li  1  s  spectra  of  the  stored  sample  shows  one  peak  at  55.6  eV, 
while  that  of  the  discharged  and  the  charged  samples  show  one 
peak  at  about  0.5  eV  higher  binding  energy  (56.1  eV).  A  change  in 
the  Li  Is  peak  is  observed,  however,  it  is  difficult  to  assign  it  to 
specific  compounds  such  as  LiF,  lithium  alkyl  carbonates  etc  as 
these  all  result  in  similar  responses.  It  may  have  been  expected  that 
since  we  have  dissolved  oxygen  and  oxygen  anions  in  solution  near 
the  lithium  surface  that  IJ2O2  may  have  been  formed  on  the  Li 
surface.  However,  neither  the  Li  Is  or  0  Is  spectra  indicates  the 
presence  of  L^Ch  which  would  appear  at  binding  energies  of  531.5 
and  54.6  in  the  Ols  and  Li  Is  spectra,  respectively. 

The  XPS  results  can  be  summarized  by: 

•  The  presence  of  oxygen  influences  the  surface  elemental  and 
species  composition. 

•  Elemental  and  species  composition  in  the  surface  layer  change 
after  discharging  and  again  after  charging. 

•  Decomposed  binder  is  seen  on  the  Li  anode. 

The  SEI  layer  is  also  known  to  increase  in  thickness  and  mass 
during  cycling  from  further  electrolyte  and  salt  decomposition  and 
our  results  clearly  indicate  that  the  composition  of  this  layer  is  also 
evolving. 

As  a  preliminary  investigation  looking  at  the  effect  of  this  new 
layer  on  the  electrochemical  behaviour  of  the  Li  electrode  we 
observed  the  deposition  and  stripping  reaction  of  Li  on  a  copper 
surface  in  PC  electrolyte  (recorded  CV  measurements  are  shown  in 
Fig.  3,  for  additional  information  Figure  SI  shows  the  first  cycle 
measurement).  In  the  case  of  the  cell  kept  in  argon  the  anticipated 
performance  was  observed  [16].  The  potential  at  which  lithium 
plating  begins  is  at  around  -0.2  V  vs.  Li/Li+  and  after  reaching  the 
negative  potential  limit  at  —0.5  V  a  nucleation  loop  is  observed  on 
the  positive  potential  scan  where  lithium  deposition  continues 
until  potentials  greater  than  -0.1  V  are  reached.  As  the  potential  is 
increased  further  a  positive  current  peak  resulting  from  lithium 
stripping  appears.  When  the  cell  was  exposed  to  an  oxygen 


Potential/  V  vs.  Li/Li* 


Fig.  3.  Main:  CV  (100  mV  s-1)  showing  lithium  deposition  and  stripping  on  Cu  in  the 
presence  of  oxygen  and  argon  gas  (shown  is  the  3rd  cycle  in  both  cases).  Insert:  AC 
impedance  spectra  recorded  for  both  cells  at  1  V  vs.  Li/Li+  after  10  striping  and 
deposition  cycles. 


atmosphere  the  same  processes  are  observed,  however,  a  signifi¬ 
cantly  lower  potential  was  required  to  initiate  the  plating  of  lithium 
metal  and  the  plating  reaction  stops  at  a  much  lower  potential  on 
the  positive  potential  scan.  This  indicates  a  significantly  increased 
resistance  in  the  cell  which  had  been  exposed  to  oxygen.  To  high¬ 
light  this  effect  further  we  have  additionally  included  Figure  S2  in 
supplementary  information.  The  AC  impedance  of  both  cells  was 
measured  after  the  cyclic  voltammetry  measurement  was  complete 
(Fig.  3  insert)  at  open  circuit  voltage  ( ~  1  V  vs.  Li).  In  both  cases  the 
impedance  spectra  shows  a  semi-circle  shifted  along  the  x  axis 
followed  by  a  ~  60°  spur.  This  is  consistent  with  the  results  seen  in 
a  similar  experimental  set  up  [26—28]  (In  results  not  presented 
here,  we  also  performed  the  impedance  of  both  cells  as  constructed 
showing  a  similar  semi  circle  diameter  of  ~150  Q  cm2  for  both 
cells).  The  equivalent  circuit  fitting  model  and  fit  results  are 
included  in  supplementary  information  as  Figures  S3  and  S4.  The 
semi  circle  is  a  result  of  a  parallel  combination  of  a  resistance  and 
capacitance  of  the  SEI  layer  formed  at  the  interface  of  both  the 
lithium  and  copper  electrodes.  An  increase  in  SEI  resistance  (from 
163  to  396  Q  cm-2)  for  the  cell  stored  in  oxygen  when  compared  to 
that  stored  in  argon  is  observed.  This  increased  resistance  seen  in 
the  presence  of  oxygen  after  storage  could  either  be  a  result  of 
a  thicker  SEI  layer  or  as  a  result  of  a  reduced  conductivity  from  the 
changing  species  observed  in  the  layer.  Further  work  is  required  to 
explain  which  explanation  is  correct. 

4.  Conclusions 

To  conclude  we  report  a  different  and  constantly  evolving  SEI 
layer  on  the  Li  anode  in  the  Li-02  battery  which  significantly  affects 
the  cell  performance.  We  believe  that  understanding  the  chemistry 
and  morphology  of  this  SEI  layer  is  crucial  component  in  devel¬ 
oping  a  stable  Li— O2  battery.  This  area  should  be  studied  in  much 
greater  detail  with  special  focus  placed  on  new  types  of  electrolytes 
to  clarify  how  the  surface  chemistry  of  the  Li  is  influenced.  Also  we 
must  be  aware  that  operation  of  both  cathode  and  anode  are  con¬ 
nected  (our  data  revealing  the  presence  of  decomposed  binder  on 
the  lithium  surface  indicates  cross-communication  between  the 
cathode  and  anode). 
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